(transmembrane protein 16) protein families are phospholipid scramblases that facilitate rapid, bidirectional movement of phospholipids across a membrane bilayer in an ATP-independent manner. On reconstitution into large unilamellar vesicles, these proteins scramble more than 10,000 lipids/protein/s as measured with co-reconstituted fluorescent nitrobenzoxadiazole (NBD)-labeled phospholipids. Although NBD-labeled phospholipids are ubiquitously used as reporters of scramblase activity, it remains unclear whether the NBD modification influences the quantitative outcomes of the scramblase assay. We now report a refined biochemical approach for measuring the activity of scramblase proteins with radiolabeled natural phosphatidylinositol ([ 3 H]PI) and exploiting the hydrolytic activity of bacterial PI-specific phospholipase C (PI-PLC) to detect the transbilayer movement of PI. PI-PLC rapidly hydrolyzed 50% of [ 3 H]PI in large symmetric, unilamellar liposomes, corresponding to the lipid pool in the outer leaflet. On reconstitution of a crude preparation of yeast endoplasmic reticulum scramblase, purified bovine opsin, or purified Nectria haematococca TMEM16, the extent of [ 3 H]PI hydrolysis increased, indicating that [ 3 H]PI from the inner leaflet had been scrambled to the outer leaflet. Using transphosphatidylation, we synthesized acyl-NBD-PI and used it to compare our PI-PLC-based assay with conventional fluorescence-based methods. Our results revealed quantitative differences between the two assays that we attribute to the specific features of the assays themselves rather than to the nature of the phospholipid. In summary, we have developed an assay that measures scram-bling of a chemically unmodified phospholipid by a reconstituted scramblase. D; PPR, protein to phospholipid ratio; TE, Triton extract, enriched in yeast ER membrane proteins.
Glycerophospholipids are essential components of all eukaryotic membranes. The most abundant classes, phosphatidylcholine (PC) 3 and phosphatidylethanolamine (PE), are synthesized via the Kennedy pathways (1) on the cytoplasmic face of the endoplasmic reticulum (ER) (2) (3) (4) (5) (6) (7) . There are no parallel pathways to synthesize phospholipids in the luminal leaflet of the ER. Thus, de novo synthesized glycerophospholipids are deposited exclusively into the cytoplasmic leaflet of the ER membrane bilayer, creating an imbalance between cytoplasmic and luminal leaflets. To restore or maintain the stability of the bilayer, newly synthesized lipids have to be transported from the cytoplasmic to the luminal side of the membrane. However, because spontaneous transbilayer movement of glycerophospholipids is energetically unfavorable, occurring with halftimes of up to 100 h in a fluid PC bilayer, specialized proteins are needed to catalyze this process (reviewed in Ref. 8) . Some of these transporters couple lipid translocation to ATP hydrolysis to transport lipids in a unidirectional way, whereas others function as ATP-independent scramblases and transport lipids bidirectionally (reviewed in Refs. 5 and 8 -12) .
Glycerophospholipid scramblase activity in the ER was demonstrated over three decades ago (13, 14) , but the molecular identity of the protein(s) responsible for this activity has remained elusive (8, 15) . However, in recent years other phospholipid scramblases have been identified and characterized. Members of the Xk-related family of proteins, including Xkr8, were found to be involved in exposure of phosphatidylserine (PS) on the surface of mammalian cells during apoptosis (16) . Likewise, TMEM16F, a member of the TMEM16 family of ion channels and scramblases, is implicated in the exposure of PS on activated blood platelets that is needed for blood coagulation (17, 18) . Although it is unclear whether the Xkr8 proteins are scramblases themselves or only indirectly contribute to PS exposure, several TMEM16 proteins, including TMEM16F, have been purified and reconstituted into phospholipid bilayers and explicitly shown to have Ca 2ϩ -dependent scramblase activity (19 -22) . Unexpectedly, a number of G protein-coupled receptors including rhodopsin, the ␤1and ␤2-adrenergic receptors, and the adenosine A2A receptor, were also shown to have scramblase activity after reconstitution into phospholipid bilayers (23) (24) (25) (26) (27) . The phospholipid scramblase activity of rhodopsin provides the molecular basis for previous observations of rapid lipid scrambling across intact bovine photoreceptor discs (28 -30) , including the transient, light-dependent change in their transbilayer lipid asymmetry (30) , and has been implicated in disc membrane lipid homeostasis (reviewed in Ref. 31) . A hallmark of the ER scramblase, as well as the TMEM16 and G protein-coupled receptor scramblases, is their lack of specificity. Reconstitution-based assays show that these proteins are able to scramble all common phospholipids (8) . Thus, exposure of PS at the surface of activated platelets is a consequence of general scrambling of all phospholipids by TMEM16F rather than specific transport of PS.
Transbilayer organization and movement of glycerophospholipids in the plasma membrane of eukaryotic cells has historically been determined using lipid-modifying enzymes, including phospholipases (reviewed in Ref. 32) . Differential accessibility of membrane lipids to phospholipases A 2 or C added to the outside of cells demonstrated that phospholipids in the plasma membrane are arranged asymmetrically (33, 34) . These findings were subsequently corroborated in assays in which the distribution of fluorescent or spin-labeled phospholipid analogs inserted into the outer leaflet of the plasma membrane was determined (35) (36) (37) . Labeled lipid probes have also been used to measure transbilayer distribution and movement of glycerophospholipids in artificial systems (38) . In particular, glycerophospholipid analogs carrying fluorescent nitrobenzoxadiazole (NBD) groups in their hydrophilic heads or hydrophobic tails have proven useful to identify and characterize phospholipid scramblases in membrane preparations and reconstituted proteoliposomes (16, 19, 20, 23, 39, 40) . Although these lipid probes appear generally to reflect the behavior of natural glycerophospholipids, it cannot be excluded that quantitative aspects of scramblase activity measurements are affected by the presence of the NBD tag (41) . Because precise measurements of scrambling rates are important for mechanistic understanding, it is important to quantify the rate at which natural lipids are scrambled and compare these results with those obtained with NBD phospholipids.
We now report a novel biochemical assay to measure the activity of scramblases using radiolabeled natural phosphatidylinositol (PI) as reporter (42, 43) . Given the reported lack of lipid specificity of phospholipid scramblases, it seemed reasonable to assume that PI would also be scrambled by these proteins. We exploited the ability of bacterial PI-specific phospholipase C (PI-PLC) to hydrolyze PI located in the outer leaflet of liposomes, whereas PI in the inner leaflet is protected from the action of the enzyme. In this approach, an increase in the extent of PI-PLC-mediated PI hydrolysis in proteoliposomes compared with protein-free liposomes reflects the presence of scramblase activity in the former. We also synthesized acyl-NBD-PI from acyl-NBD-PC by using a novel phospholipase D enzyme with positional specificity on myo-inositol (44) and used this novel lipid probe in a side-by-side comparison with natural PI in activity assays. As sources of scramblase activity, we used an extract of yeast microsomes that was previously shown to contain scramblase activity, as well as two purified scramblases (bovine opsin and Nectria haematococca TMEM16 (nhTMEM16)). Comparison of the new approach with NBD phospholipid-based measurements revealed unexpected quantitative differences in the deduced rate of scrambling rate. We discuss the possible basis of these differences.
Results

PI-PLC-mediated hydrolysis of [ 3 H]PI in liposomes
Bacterial PI-PLC enzymes catalyze the cleavage of PI into diacylglycerol and inositol 1,2-cyclic phosphate (45, 46) , which can be subsequently hydrolyzed to inositol 1-phosphate (45, 47 Fig. 1) .
To test the principle of the assay, we first prepared [ 3 H]PIcontaining liposomes composed of egg PC and egg PA (9:1, mol/mol). After adding PI-PLC, aliquots of the liposome suspension were removed and added to chloroform:methanol (1:2, v/v) to stop the reaction immediately. Two phases were induced by adding additional chloroform, methanol, and water, and aliquots of the aqueous and organic phases were taken for liquid scintillation counting to determine the extent of [ 3 H]PI hydrolysis. The results show that on adding PI-PLC (0.5-3.0 l from a stock solution of 0.01 units/l) to liposomes (3 mM phospholipid, final concentration), hydrolysis of [ 3 H]PI occurred rapidly, reaching a maximum of ϳ45, ϳ47, and ϳ52% of total [ 3 H]PI for samples treated with 0.5, 1.0, and 3.0 l of PI-PLC, respectively ( Fig. 2A ). On destruction of the membrane barrier with Triton X-100 (0.9% (w/v), final concentration), Ͼ95% of [ 3 H]PI was hydrolyzed as expected. The extent of [ 3 H]PI hydrolysis was also determined by an alternative procedure in which TCA precipitation was used to separate [ 3 H]PI from 1,2-cyclic [ 3 H]inositol phosphate/[ 3 H]inositol 1-phosphate (see "Experimental procedures"); the results were similar to those obtained with organic solvent extraction. We conclude that [ 3 H]PI is symmetrically reconstituted in the vesicles and that PI-PLC is a valid topological probe that detects only [ 3 H]PI molecules in the outer leaflet.
The time taken to reach maximal [ 3 H]PI hydrolysis depended on the amount of PI-PLC ( Fig. 2A ). The hydrolysis kinetics were well described by a single-phase exponential function ( Fig. 2A) , revealing half-times of ϳ21, ϳ13, and ϳ2 s for samples treated with 0.5, 1.0, and 3.0 l of PI-PLC, respectively ( Fig. 2B) . A better estimate of the half-time of hydrolysis when using 3.0 l of PI-PLC was not possible because it was not practical to sample the reaction sufficiently soon (the earliest time point taken was 10 s after PI-PLC addition). In all subsequent experiments we used 3.0 l of PI-PLC to have the best chance of kinetically resolving transbilayer scrambling from the process of detecting outer leaflet [ 3 H]PI via PI-PLC-mediated hydrolysis.
PI-PLC-mediated hydrolysis of [ 3 H]PI in proteoliposomes reconstituted with ER membrane proteins
It has been shown previously that a detergent extract of crude microsomes from Saccharomyces cerevisiae (termed Triton extract (TE), enriched in ER membrane proteins) contains specific protein(s) with phospholipid scrambling activity (40, 48 -50) . Treatment of [ 3 H]PI-containing proteoliposomes reconstituted with TE (protein to phospholipid ratio (PPR) of ϳ36 mg/mmol) with 3.0 l of PI-PLC resulted in biphasic hydrolysis of Ͼ80% of [ 3 H]PI ( Fig. 3A) , indicating that the [ 3 H]PI located in the inner leaflet of the proteoliposomes scrambles to the outer leaflet, thereby becoming accessible to cleavage by PI-PLC during the experiment. The initial rapid phase of [ 3 H]PI hydrolysis, half-time ϳ2 s, accounts for PI in the outer leaflet of the vesicles, whereas the slower second phase, half-time ϳ20 s, indicates the rate of scrambling.
When the amount of TE used for reconstitution was varied systematically to obtain vesicles with PPRs in the range 0 to ϳ60 mg/mmol, the extent of [ 3 H]PI hydrolysis measured after a 10-min incubation increased from ϳ50% to 82% (Fig. Fig. 2A . The data points are from three independent experiments. The time course for [ 3 H]PI hydrolysis in proteoliposomes was fitted to a double-exponential function. To display all data points, the graph of mock-treated liposomes was shifted by ϩ0.3 min on the x axis. B, dependence of [ 3 H]PI hydrolysis on the protein to phospholipid ratio. Maximal [ 3 H]PI hydrolysis after 10 min of PI-PLC treatment was determined in proteoliposomes reconstituted with different amounts of yeast Triton extract and plotted against the protein to phospholipid ratio. The data points are from three independent experiments and fitted into a one-phase exponential function.
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3B) (in control experiments, Ͼ95% of [ 3 H]PI was hydrolyzed on adding PI-PLC to liposomes that had been disrupted with Triton X-100). Analysis of these data ( Fig. 3B ) by fitting to a monoexponential function, yielded a fit constant of 32 Ϯ 6 mg/mmol. This value is ϳ4-fold greater than reported previously with the NBD phospholipid-based fluorescence assay for scrambling in proteoliposomes reconstituted with a yeast ER extract (48) . As shown and discussed later, this apparent discrepancy is because scrambling is not complete after a 10-min incubation in samples prepared with lower PPR values.
PI-PLC-mediated [ 3 H]PI hydrolysis in proteoliposomes reconstituted with purified scramblases
We next applied the PI-PLC assay to measure phospholipid scramblase activity of purified bovine opsin and nhTMEM16 ( Fig. S1 ). We reconstituted a high amount of these proteins to ensure maximum occupancy of vesicles with a scramblase and measured the extent of [ 3 H]PI hydrolysis on adding PI-PLC. Compared with ϳ50% hydrolysis seen for protein-free liposomes that had been treated with 3 l of PI-PLC for 10 min, 80 Ϯ 2% and 82 Ϯ 2% (mean Ϯ S.D., n ϭ 3) hydrolysis was observed with opsin-containing proteoliposomes (PPR ϳ6 mg/ mmol) and nhTMEM16-containing proteoliposomes (PPR ϭ ϳ7 mg/mmol, in the presence of 250 M Ca 2ϩ ), respectively. Despite the high amount of protein used for reconstitution in each case, 100% hydrolysis was not achieved because, as noted previously, a significant fraction of vesicles is refractory to reconstitution for reasons that are not well understood (19, 26, 51) . These results indicate that both opsin and nhTMEM16 are able to scramble natural PI.
Quantitative analysis of opsin-mediated scrambling measured via PI-PLC-mediated [ 3 H]PI hydrolysis
Using various NBD phospholipid reporters, e.g. NBD-PC, opsin-mediated lipid scrambling was reported to occur with a half-time of Ͻ10 s (23, 24, 26, 27). To determine whether the PI-PLC-based assay revealed a similar scrambling rate, we assayed opsin-containing proteoliposomes prepared with a high PPR of ϳ6 mg/mmol (corresponding to ϳ25 opsin dimers per ϳ175-nm diameter vesicle). As in the case of proteoliposomes reconstituted with a microsomal proteins ( Fig. 3A ), we found [ 3 H]PI hydrolysis in opsin proteoliposomes to be a biphasic process: a first phase with the expected half-time of ϳ2 s, followed by a slow phase (half-time ϳ50 s) ( Fig. 4A ). This result suggests that PI scrambling may occur more slowly than seen with NBD-PC ( Fig. 4B ).
To explore this point further, we carried out a side-by-side comparison of the two activity assays using proteoliposomes prepared with different PPRs, ϳ0.4, ϳ4.0, and ϳ6.0 mg/mmol (corresponding to ϳ1-2, ϳ15, and ϳ23 opsin dimers/vesicle, respectively). We used a 7-min time point to assess activity via the fluorescence-based assay and a 10-min time point for the PI-PLC-based assay. The fluorescence-based assay showed a reduction of Ͼ80% fluorescence for the proteoliposome preparations, as expected ( Fig. 4C, gray bars) . However, the PI-PLC-based assay showed only ϳ60 and ϳ70% hydrolysis of [ 3 H]PI in vesicles prepared with PPR values of ϳ0.4 and ϳ4.0, respectively, reaching ϳ80% hydrolysis only at a PPR of ϳ6 mg/mmol ( Fig. 4 , C, white bars, and A, end point of time course). This result indicates that the PI-PLC-based assay reports a lower scrambling rate than that observed with the fluorescence-based assay.
PI-PLC-based versus fluorescence-based assays of the scramblase activity of nhTMEM16
To determine whether the slow rate of scrambling as revealed by the PI-PLC-based assay is unique to opsin-mediated scrambling, we analyzed the scramblase activity of purified nhTMEM16. In these experiments, [ 3 H]PI and NBD-PC were co-reconstituted into nhTMEM16-containing proteoliposomes, composed of egg PC and dioleoylphosphatidylglycerol (DOPG) (9:1, molar ratio), and hydrolysis of [ 3 H]PI by PI-PLC and reduction of NBD-PC by dithionite were measured 
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using aliquots from the same preparation. A time course of [ 3 H]PI hydrolysis for nhTMEM16 proteoliposomes prepared with PPR ϳ7 mg/mmol, revealed biphasic kinetics with halftimes for fast and slow phases similar to those obtained for opsin, ϳ2 and ϳ40 s, respectively (Fig. 5A ). Measurements taken 10 min after adding PI-PLC revealed that as the PPR was increased from ϳ1-7 mg/mmol, hydrolysis increased from ϳ60% to ϳ80% (Fig. 5C ). In contrast, Ͼ90% of NBD-PC was reduced by dithionite ( Fig. 5, B and C) at the lowest PPR tested (ϳ1 mg/mmol). Thus, as seen for opsin, the nhTMEM16 analyses reveal that the rate of scrambling reported by the PI-PLC assay is substantially lower than that seen in the fluorescence assay.
We quantified the scrambling/hydrolysis rate in nhTMEM16 proteoliposomes prepared with a PPR ϳ1.0 mg/mmol. Measurements taken over a 4-h period revealed that whereas the extent of [ 3 H]PI hydrolysis in protein-free liposomes remained constant after an initial burst phase (Fig. 6A, filled circles) , indicating undetectable scrambling over 4 h as expected, the extent of [ 3 H]PI that was hydrolyzed in proteoliposomes increased sharply above that of the protein-free sample within 10 min and then continued to increase more slowly over the remainder of the time course with a t1 ⁄ 2 of ϳ350 min (Fig. 6A) . We next carried out a similar experiment with proteoliposomes reconstituted with yeast TE at a PPR of ϳ10 mg/mmol where only ϳ60% [ 3 H]PI hydrolysis was observed after a 10-min incubation (Fig.  3B) . As in the case of nhTMEM16 proteoliposomes, the extent of [ 3 H]PI that was hydrolyzed increased sharply above that of the protein-free sample within 10 min and then continued to increase more slowly (t1 ⁄ 2 ϳ50 min) over the remainder of the time course (Fig. 6B ). We conclude that for both nhTMEM16 and yeast ER proteins, the PI-PLC-based assay yields a more complex readout in which scrambling-coupled [ 3 H]PI hydrolysis in both nhTMEM16 proteoliposomes and TE proteoliposomes occurs quite slowly (over tens of minutes) after an initial burst.
Probing the basis for the different readouts in the PI-PLC-versus fluorescence-based assays
Effect of the structure of the lipid reporter-Our results thus far indicate significant differences in the quantitative readout of scramblase activity obtained via the fluorescence-based versus PI-PLC-based assays. Because both assays use topological probes that detect lipids only in the outer leaflet of the liposomes (dithionite does not enter vesicles containing opsin or nhTMEM16 as evinced by protection of trapped NBD-glucose (19, 24, 27) , and PI-PLC is a large protein that cannot enter vesicles), they report on the scrambling of lipids from the inner to the outer leaflet, albeit with different characteristics. We considered the possibility that the structure of the lipid reporter, i.e. an NBD-labeled phospholipid versus natural PI, may account for the observed difference. However, we note (i) that the position of the NBD fluorophore on the phospholipid 
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does not detectably impact scrambling, i.e. N-NBD-PE and acyl-NBD-PE are both scrambled faster than the rate at which dithionite reduces the NBD group (23) , indicating that lipids with either a natural head group (acyl-NBD-PE) or a natural diacylglycerol moiety (N-NBD-PE) are similarly scrambled by ER scramblases, opsin and nhTMEM16; (ii) that the scrambling rate measured in the fluorescence-based assay does not depend on the concentration of NBD phospholipids in the membrane, indicating that NBD phospholipids are not exclusively or preferentially scrambled compared with natural lipids in the vesicles (19) ; and (iii) that acyl-NBD-PI and acyl-NBD-PC appear to be scrambled equally effectively in proteoliposomes reconstituted with Triton X-100 -solubilized rat liver ER membrane proteins (39) . These points suggest that the structure of the lipid reporter per se may not account for the difference between the two assays.
Nevertheless, to investigate this point definitively, we assayed the scramblase activity of nhTMEM16 using NBD-PI as reporter. We synthesized acyl-NBD-PI from acyl-NBD-PC and myo-inositol via phospholipase D-catalyzed transphosphatidylation using a variant of the enzyme with positional selectivity toward the 1-OH group of myo-inositol (Fig. S2, A-D) . Fig. 7 A shows that acyl-NBD-PI is scrambled effectively in nhTMEM16-containing proteoliposomes (PPR ϭ ϳ1 mg/ mmol), with Ͼ80% of the probe being bleached within 1 min, similar to results obtained with acyl-NBD-PC (Fig. 5B ). However, when an aliquot of the same vesicles was treated with PI-PLC for a similar time period (10 min), the extent of NBD-PI hydrolysis was low, ϳ50% ( Fig. 7B ; note that in this assay the extent of NBD-PI hydrolysis in protein-free liposomes was only 46%), increasing to ϳ60% after 4 h (Fig. 7B ). In proteoliposomes prepared at a higher PPR (4 mg/mmol), NBD-PI hydrolysis was ϳ55% after 10 min of PI-PLC treatment, increasing to ϳ80% after 4 h of treatment. This behavior resembles that of [ 3 H]PI shown in Fig. 5C . Thus, the PI-PLC-based assay reports a slower rate of NBD-PI scrambling than the dithionite-based assay.
Effect of PI and/or diacylglycerol-Because the two assays with NBD-PI yielded different quantitative outcomes, we considered other possibilities to account for the differences: (i) PI has an inhibitory effect on scramblase activity, and (ii) diacylglycerol, the product of PI hydrolysis, is inhibitory for scrambling.
Vesicle reconstitution is intrinsically heterogeneous (52), and so even with a fixed average ratio of PI:PC:PA(DOPG) in our reconstituted samples, individual vesicles could contain higher or lower amounts of PI. We considered whether the scramblase activity of opsin or TMEM16 vesicles with a higher proportion of PI would be silenced, whereas those with less PI would display activity albeit at a lower rate. To test whether PI inhibits scramblase activity, liposomes and nhTMEM16containing proteoliposomes (at PPR of ϳ2 mg/mmol) were reconstituted with [ 3 H]PI in the absence or presence of 2% (relative to total phospholipid) nonlabeled PI, incubated with 3 l of PI-PLC for 10 min, and processed to determine the extent of [ 3 H]PI hydrolysis. As shown in Fig. 8A , the extent of hydrolysis after a 10-min incubation period was ϳ65% for both types of proteoliposomes, demonstrating that the presence of 2% PI in proteoliposomes did not affect scramblase activity.
A possible effect of diacylglycerol on NBD phospholipid scrambling was tested by treating nhTMEM16 proteoliposomes containing [ 3 H]PI, 2% PI, and NBD-PC with PI-PLC for 10 min before measuring NBD-PC scrambling using the dithionite assay. The results showed that ϳ80% of NBD-PC was reduced in both mock-and PI-PLC-treated proteoliposomes, demonstrating that the presence of the product of the PI-PLC reaction, diacylglycerol, had no effect on NBD-PC scrambling (Fig. 8B ). (Fig. S2) were reconstituted as in Fig. 4B , except for the addition of 250 M Ca 2ϩ in the reconstitution solution. Dithionite was added after 1 min, and fluorescence was recorded for 8 min. Traces of liposomes and nhTMEM16 proteoliposomes (PPR of ϳ1 or ϳ4 mg/mmol, indicated next to the corresponding trace) are representative of three independent experiments. B, nhTMEM16 proteoliposomes at PPRs of ϳ1 and ϳ4 mg/mmol containing trace amounts of NBD-PI were prepared as above in the presence of 250 M Ca 2ϩ . The extent of PI-PLCmediated hydrolysis of NBD-PI after 10 min (white bars) and 4 h (light gray bars) was determined as described under "Experimental procedures," and reduction of NBD-PI fluorescence by dithionite (dark gray bars) was determined as described above. The data represent mean values Ϯ standard deviations from three or four measurements. 
Discussion
We report a new assay of phospholipid scramblase activity that exploits the ability of PI-PLC to hydrolyze [ 3 H]PI located in the outer leaflet of (proteo)liposomes, whereas the fraction of [ 3 H]PI located in the inner leaflet is protected from the action of the enzyme unless it is exposed by scramblase activity. Although most currently used scramblase assays make use of synthetic head-or tail-labeled phospholipid analogs bearing covalently linked fluorescent or spin-labeled functional groups (see e.g. (19, 20, 41, 53, 54) ), our assay measures the transbilayer movement of a natural phospholipid. We demonstrate that PI is scrambled in proteoliposomes reconstituted with yeast ER phospholipid scramblases, purified bovine opsin, or purified fungal nhTMEM16. Under our assay conditions, spontaneous scrambling of PI is undetectable-in fact, protein-free liposomes did not expose inner leaflet PI for a period of at least 4 h at room temperature.
Interestingly, the readout from the PI-PLC-based assay is quantitatively different from that of the conventional fluorescence-based assay that uses dithionite to probe NBD phospholipids in the outer leaflet of vesicles. [ 3 H]PI hydrolysis resulting from scrambling, i.e. hydrolysis in excess of the initial hydrolysis of PI already in the outer leaflet, appears to occur significantly more slowly compared with results from the fluorescence-based assay. For proteoliposomes prepared at relatively low PPR, the PI-PLC-based assay showed only 60 -70% [ 3 H]PI hydrolysis after a standard 10-min incubation, whereas the fluorescence-based assay showed a reduction of 80 -90% fluorescence of NBD-PC and NBD-PI in the same time frame. Only at higher PPR did the extent of [ 3 H]PI hydrolysis reach values Ͼ80% within 10 min. This observation was independent of the scramblase used for reconstitution. Extended time courses using proteoliposomes reconstituted with crude ER scramblases or purified nhTMEM16 at relatively low PPR revealed that scrambling-coupled [ 3 H]PI hydrolysis mediated by PI-PLC occurred slowly, on the time scale of tens of minutes, after an initial burst. Experiments with NBD-PI, a lipid amenable to analysis by both fluorescence-and PI-PLC-based assays, indicated that the difference in assay readout was due to an aspect of the assay itself rather than a difference between an NBDlabeled lipid and a natural lipid. Thus, when using dithionite, NBD-PI scrambling was seen to be rapid, resembling that of other NBD phospholipids such as NBD-PC, whereas when using the PI-PLC-based assay, NBD-PI scrambling was slow, resembling that of [ 3 H]PI.
Our results are enigmatic and do not lend themselves to a straightforward explanation. Although the burst kinetics seen with PI-PLC-mediated hydrolysis of [ 3 H]PI in nhTMEM16and TE-containing proteoliposomes (Fig. 6 ) indicate that there is pool of PI that is scrambled rapidly as expected from the fluorescence-based assay, the slow continued hydrolysis of [ 3 H]PI indicates the additional presence of a slowly released pool. This pool can be converted into the fast scrambling pool by reconstituting additional scramblases per vesicle, i.e. by increasing the PPR of the sample. We ruled out that this effect could be due to the presence of PI or its hydrolysis product, diacylglycerol. Although it has been previously sug-gested that diacylglycerol may enhance PI-PLC activity through effects on the membrane (55), we cannot explicitly eliminate the possibility that diacylglycerol produced in the initial stages of the assay, e.g. during PI-PLC-mediated hydrolysis of outer leaflet PI, would have an adverse effect on the ability of the enzyme to hydrolyze PI efficiently, giving rise to the observed slow rate. More work needs to be done to elucidate the mechanistic basis for the quantitative differences that we have identified.
Experimental procedures
Unless otherwise stated, all reagents were of analytical grade and purchased from Sigma-Aldrich or Merck. Phosphatidylcholine and phosphatidic acid from egg yolk (egg PC and egg PA, respectively, 99% purity) DOPG and NBD-PC were pur- 
Preparation of acyl-NBD-PI
Acyl-NBD-PI (henceforth NBD-PI) was synthesized from acyl-NBD-PC and myo-inositol by phospholipase D (PLD)-mediated transphosphatidylation (Fig. S2A ). We used an engineered variant of a microbial PLD having amino acid replacement of G186T/W187N/Y385R. This enzyme is capable of transferring the phosphatidyl group with positional selectivity toward the 1-OH group of myo-inositol, thereby synthesizing 1-PI, a naturally occurring isomer (56). 1-ml chloroform solution of 1 mg/ml NBD-PC was dried under nitrogen gas and redissolved in 100 l of ethyl acetate. To this lipid solution was added 80 l of NaCl-saturated 50 mM acetate buffer (pH 5.6) containing 18 mg of myo-inositol and 20 l of 0.5 mg/ml of the variant PLD. This biphasic mixture was vigorously mixed at 20°C for 24 h. The use of NaCl-saturated buffer is important to increase the product yield by localizing the enzyme toward the solvent-water interface (57). 10 l of 1 M HCl was added to stop the reaction, and the lipid was extracted with 200 l of chloroform:methanol (2:1). After the removal of the solvent under nitrogen gas, the lipid was redissolved in 50 l of chloroform and loaded onto a small (100 mg) silica gel column. The lipids were eluted with 2 ml of chloroform:methanol (9:1, by volume) to elute NBD-phosphatidic acid (NBD-PA) and then with 5 ml of chloroform:methanol (7:3, by volume) to elute NBD-PI. Eluents were collected into 200-l fractions, each of which was analyzed by thin layer chromatography (TLC). Because the fractions containing NBD-PI were contaminated with NBD-PA, they were combined and rechromatographed. As shown in Fig. S2B , the purified lipid contained mainly NBD-PI with small amount of NBD-PA. Liquid chromatography-MS analysis gave a peak of NBD-PI at 24 min having m/z value of 847.2 (M Ϫ H) Ϫ and a small (ϳ6% of total area) peak of NBD-PA at 23 min having m/z value of 685.15 (M Ϫ H) Ϫ (Fig. S2, C and D) .
Scrambling of natural phosphatidylinositol Preparation of TE containing yeast ER membrane proteins
A crude preparation of S. cerevisiae ER membrane proteins was obtained as previously described (49) by solubilizing saltwashed yeast microsomes with 1% (w/v) ice-cold Triton X-100.
Bovine opsin
Thermostable FLAG-tagged bovine opsin was prepared as described before (24, 58) using HEK293S GnTI Ϫ cells and FLAG affinity chromatography. A standard preparation yielded 100 ng/l of opsin in buffer containing 0.1% (w/v) DDM.
nhTMEM16
His 10 -tagged nhTMEM16 was expressed in S. cerevisiae FGY217 cells and purified exactly as described (21) using affinity chromatography on nickel-nitrilotriacetic acid-resin followed by gel filtration chromatography on a Superdex-200 column.
Preparation of scramblase-containing proteoliposomes
Opsin-containing proteoliposomes were reconstituted as described previously, by destabilizing preformed liposomes composed of egg PC and egg PA at a molar ratio of 9:1 (58). Protein-free liposomes were prepared in parallel. nhTMEM16containing proteoliposomes were reconstituted in a similar way as opsin proteoliposomes, except that the preformed liposomes were made using egg PC and DOPG (9:1, molar ratio) and destabilized using DDM in a volume of 840 l (2.8 mM phospholipid and 4.5 mM DDM) in the presence of 250 M Ca 2ϩ . Reconstitution of proteoliposomes with yeast Triton extract was done as previously described (48) .
Quantification of phospholipids
Aliquots of liposomes and proteoliposomes were extracted according to (59) (see below), and lipid phosphorus was quantified as described (60) .
Scramblase activity assay using [ 3 H]PI as probe
The assay was initiated by adding 3 l of PI-PLC to (proteo) liposomes (100 l; 2.4 mM phospholipid) and rapidly mixing. After incubation at room temperature for 0 -4 h, the reaction was terminated by removing an aliquot (103 l) and adding it to a glass tube containing 0.5 ml of chloroform and 1.0 ml of methanol. Lipids were extracted by adding 397 l of distilled water and frequent vigorous vortexing for 10 min at room temperature. After addition of a further 0.5 ml of chloroform and 0.5 ml of methanol (to reach a final ratio of water:chloroform:methanol ϭ 1:1:1, v/v/v), the resulting two phase extract was vortexed and then centrifuged for 5 min at 2500 rpm using a Universal 2S centrifuge (Hettich, Tuttlingen, Germany). The lower organic phase, containing nonhydrolyzed [ 3 H]PI, was transferred to a scintillation tube using a long, blunt-tip needle syringe, dried under a stream of nitrogen, and counted in a liquid scintillation counter. The upper aqueous phase, containing [ 3 H]inositol-cyclic-phosphate, was transferred to a microcentrifuge tube, dried in a SpeedVac to reduce the volume, transferred to scintillation tubes, and counted.
Alternatively, aliquots (100 l) were removed, and the reaction was stopped by adding 5 l of cytochrome c (4 mg/ml in water) followed by 13 l of 100% TCA and placed on ice for 1 h. Subsequently, samples were centrifuged for 15 min at top speed in an Eppendorf centrifuge to collect precipitated phospholipids including nonhydrolyzed [ 3 H]PI. The resulting supernatant (100 l), containing [ 3 H]inositol 1,2-cyclic phosphate/[ 3 H] inositol 1-phosphate, was transferred to scintillation tubes and counted. To determine the extent of [ 3 H]PI hydrolysis, TCA samples prepared before the addition of PI-PLC were taken as background, and TCA samples taken after PI-PLC treatment for 10 min in the presence of 0.9% Triton X-100 (added from a stock solution of 10% in buffer A) were taken as 100%.
Scramblase activity assay using NBD-labeled PC as probe
Scrambling of NBD-PC was measured exactly as described before (58) . Briefly, liposomes or proteoliposomes composed of egg PC, egg PA, and trace amounts of NBD-PC were diluted with buffer A, and NBD fluorescence was monitored in a fluorimeter until a stable signal was obtained. Bleaching of the fluorescence in the outer leaflet of liposomes was achieved by addition of dithionite.
Scrambling activity assays using multiple probes
In some experiments, [ 3 H]PI and NBD-PC or NBD-PI were added simultaneously during reconstitution of liposomes. Determination of the extent of [ 3 H]PI and NBD-PI hydrolysis by PI-PLC and NBD-PC or NBD-PI reduction by dithionite allowed direct comparison of scrambling activity using the different probes.
Scrambling of NBD-PI using PI-PLC as a probe
Liposomes or proteoliposomes containing NBD-PI were reconstituted in the same way as for NBD-PC mentioned above. The scrambling of NBD-PI was initiated by adding 3 l of PI-PLC to (proteo)liposomes (200 l; 2.4 mM phospholipid) and rapidly mixing. After incubation at room temperature for 10 min or 4 h, the reaction was terminated by adding it to a glass tube containing 0.5 ml of chloroform and 1.0 ml of methanol. The lipids were extracted as described under "Scramblase activity assay using [ 3 H]PI as probe" and then resolved on a silica TLC plate using chloroform:petroleum ether:methanol:acetic acid (4:3:2:1, v/v/v/v) as the solvent system. NBD-PI and NBDdiacylglycerol spots on TLC were visualized under blue light and quantified by ImageJ or scraped off and extracted before quantification of NBD fluorescence in a fluorimeter (470-nm excitation; 530-nm emission).
